- NATIONAL _ADVISORY COMMITTEE FOR AERONAUTICS |

WARTIME REPORT

ORIGINALLY ISSUED
September 1945 as

Restricted Bulletin LSF2T
AN APPROXIMATE DETERMINATION OF THE POWER REQUIRED TO MOVE
CONTROL SURFACES AS RELATED TO CONTROL-BOOSTER TESIGN
By Harold I. Johnson

Langley Memorial Aeronauticel Laboratory
Langley Field, Va.

N A C A LIBRARY

ALERONAUTICAL

LANGLEW MEMORLAL
WASHINGTON LARBORATORY

Langler Fiald, Va, .

NACA WARTIME REPORTS are reprints of papers originally issued to provide rapid distribution of
advance research results to an authorized group requiring them for the war effort. They were pre-
viously held under a security status but are now unclassified. Some of these reports were not tech-
nically edited. All have been reproduced without change in order to expedite general distribution.

L - 102




3 1176 01364 9091
NACA RB No. ISF27

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESTRICTED BULLETIN

AN APPROXINMATE DETERMINATION OF THE POWER REQUIRED TO MOVE

CONTROL SURFACES AS RELATED TO CONTROL-BOOSTER DESIGN

By Harold I. Johnson
SUMMARY

As a part of a general investigation of control
boosters, preliminary calculations were made to indicate
the sizes of control boosters necessary tc move the con-
trols of airplanes of various sizes. The analysis was
based on the assumption that the controls were moved
with a repidity and amplitude equal to that measured with
a fighter airplane in simulated combat. A corcllary
purpose consisted in determining the effect on reducing
booster-power unit size of incorporating an energy
accumulator in the booster system,

The snalysis indicates that up to 1% times as large
a power unit would be required for supplying sudden
bursts of power if no accumulated energy were available
as compared to a power unit capable of supplying the
average power used in continuous maneuvering in combi-
nsticn with a relatively small energy accumulator.
Results of the calculations show that to operate 2ll the
controls of a small fighter-type airplsne, a power source
of 0.057 horsepower in combination with an accumulator
capable of storing 51.l foot-pounds of energy would be
sufficiently large if friction and booster cycle losses
are nelgected. In this case, the accumulator would be
required to supply bursts of pcwer in smounts up to
0.l:62 horsepower for extremely short periods of operation.
The power requirements and booster sizes increase rapidly
with airplasne size. Under the assumptions of the analysis,
a power source of 2.05 horsepower in combination with an
accumuleteor capable of storing 3350 foot-pounds of energy
would be reguired to operate all the controls of a bomber
weighing about 70,700 pounds. In this case, the peak=-
power demand required from the accumulator would approxi-
mate 20 horsepower. Some of the problems involved in
predicting the booster requirements ars discussed in
relation to the assumptions that were made in the
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preliminery evaluaticn. It is concluded that extensive
flight tests are required to determine the effects of
speed, size, and alirplane functional type on the booster
requirements. :

INTRODUCTION

A general investigation of control boosters is bsing
conducted at the Langley Laboreatory of the NACA in an
effort tc provide some of the information needed for
their design. he investigsation is divided into the
following four phases:

(1) Study of flight tests and hinge-moment dsta to
determine the speed with which the contrcls are ususally
moved and the powsr required of & booster system to move
them with the desired repidity.

(2) Anslysis of bocster systems in use or in the
design stage.

Wind-tunnel snd ground tests of the more
booster systens.

(lt) PFlight tests of airplanes equipped with booster
controls,

This peper is a contribution to the first phase of

the general investigation.

SYMBOLS
AR increment of energy required to drive controls
Hp hinge moment on control surlface at beginning cf

incrementsl-control motion during which con-
trol is moved at constant rate

Hg hinge moment on control surfacs at end of
incremental-control motion during which control
ig moved at constant rate

AD increment of control-surface deflection in control
motion during whicih control is moved at con-
stant rate
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'5TRB control deflection from trim at beglnnlng of -
' incremental-control movement
OTRm control deflection from trim at end of incremental
control movement
6TREV average control deflection from trim for

incremental-control movemcnt

Gamq aileron deflection from trim
=2 . 2
o) energy factor, degrees
= 2 2 . o P 2
54 aileron energy factor, degrecs
Ez/t nower feactor, degreese per sccond
t time, ssconds

/ \
K = (d—Ch}
. —_

\, A6/

, 6,/r[|

ac

Qaga tctel rate of change of hinge-moment coefflicient

» T with control-surface dellection, per degree
(includes effsct oi rate of change of hinge-
moment coefficlent with change in angle of

attack)

_—_dckl by Wt .. N ) s a

as rate of chenge of hinge-moment coefficient with
cnange in control-surfsce angle, per degree

dCy,

o rate of chsange of hings-moment coefficient with
change in sngle of attack, per degree

S control-surface aresa back of hinge center line,
square feet

c roct-mesan-sqguare chord of control surface back
of hinge center line, fest

de impect pressurs, pounds per square focotbt

sfe) . ‘ .

Eag rate of change of elsvator angle with change in

gt angle of attack at the norizontal tail

Aéam incrementsl change in totsl alleron sngle (sum of

upgoing and downgoing sileron movements)
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METHOD OF ANALYSIS AND GENERAL RESULTS

Three essential elerments are used in a normsl control-
booster system: (1) the power unit, which supplies energy
to the booster system; (2) the accumulator, which stores
up a certsin quantity of energy that is instantly avail-
able on demsand; and (3) the booster unit, which takes
energy either from the power unit or accumulator and drives
the control surface. The function of the accumulstor is
to teke care of short-period demands for grest amounts
of power. The purpose of the eccumulator is to reduce
materially the necessary size of the power-input unit.

The present problem consists in finding the relation
between the slzes of the power unit and accumulator that
will always setisly the energy demands involved in moving
the controls of an sirpglene having eny given physicel
dimensions. The 1esults obteinsd should be applicable

to any type of control-tooster system, whether hydrsuili-

cally, electrically, mechanicelly, or air driven.

An analysis was made by selscting an actual vari-
stion of airplane contrcl motion with time snd assuming
that this varistion is epplicable to the general case for
purposes of computing centrol energy 2nd powsr require-
ments. From a considerable quantity of records available
for a highly maneuversble fighter airplane in simulated
combat, sporoximstely 25 seconds of typically violent
maneuvering were selected. PFigure 1 is a reproduction
of the selected time history of airplane and control
motion,

If it is essumed that hinge-moment varistions with
control deflection are linezr and aerodynamic damping of
the controls is neglected, a plot may be constructed
from the data in figure 1 of the time variastion of some
quantity that is proportional to the energy used in
deflecting the controlis. Under the preceding acsuumptions,
the energy required to deflect the control surface through
a given angle mey be determined zs the saversge of the
hinge moments acting on the surface st the beginning and
end of the moticr multiplied by ths chenge in control-
surfaece angle; that is,
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Since the hinge moment 1s proportional to the control-
~surface angle, the energy will be proportional to the
average of the c¢ontrol-surface angles: at -the-beginning- .
and end of the motion multiplied by the change in control-
surface angle, or :

S7rg *+ OTRg
AE o 86 = bpg__ 4D

2

Figure 2 gives the results obtained by summing up the
incremental-energy quantities required to drive the
aileron control in the maneuver of figure 1l. The energy
has becn expressed in terms of an energy factor 52,
which represents the summation of average control deflec-
tion from trim times incrementsl control deflection over
which the rate of control motion was sapproximately
constante

t

ta—n—

52 = N\ 5 AB

Y AN TRav

0

The time history was broken into increments during which
the rate of contrcl motion was approximately constant in
order to determine the varistion of the control power
input with time. The varistion during the maneuver of
control power input with time affects the balance between
power unit and accumulator sizes. Inasmuch as energy to
move the controls is required only when the control is
moved away from trim, the numerous flat spots in the curve
represent conditions where the controls were either fixed
or were returning toward trim. The energy factor plotted
in figure 2 may be converted into energy in units of foot-
pounds by use of the relation

. _ =2 X -

Work = & 57.3 Scq, (1)

Values of K to be used in equation (1) are the
total hinge-moment-coefficient variation for the control
surface, which includes the variation of hinge-moment
coefficient with angle of attack. Thus, the response
cheracteristics of any particular airplane to which the
selected variation of control moticn is applied are
accounted for in the equation.
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Figure 2 and similar plots for the other two controls
were used directly to estsblish general relations between
the power input required and the accumulator capacity
necessary to supply every energy demand of the controls.
Under the assumption that energy is supplied to the
accumulator at a given rate whenever its energy content
falls bselow its rated capacity, a simple trial and error
graphical solution was employed to determine the desired
relation. This solution consisted in finding, for
various assumed energy caepacities, the line with the
smellest slove (smellest power-innut rating) thet would
provide en energy-asveilable curve which would just meet
the energy-required curve at the most critical time.

One such trial snd error solution for an accumulator
capecity factor of 200 degree 2 is shown in figure 2.
Note thst the slope 62/t so debermined is & direct
measure of a minimum vower-input factor which, in combie~
nation with the assuned energy capacity, will satisfy
the ensrgy demends of the control throughout the entire
25~-second mgneuver. Just as in the case of energy, the
power factor msy be converted into power 1in foot-pounds
per second by use of equsetion (1) with the power

fector B2/t in place of the energy factor B§%.

5° K -
Power = T~ §7.% SCqc (2)

~J

Results showing the balance between power input and
accumulator capacity reguired for performing 25-second
reriods of violant msneuvsring at widely spaced intervals
are given in figure 3 for all three controls. Attention
is directed to the horizontal line labelled "Indefinite
meneuvers’” in this figurs. This line defines the average
rate et which, by far, wmost c¢f the ensrgy reguired to
move the controls was used and 1s therefore revpresentetive
of the minimum power input required for indefinite maneu-
vering. A determination of this velue for the aileron
control is given by the slope of the dsshed line in fig-
urs 2. Higure 3 shows the isolated meximum power wvalues
plotted for accumulator capacities of zsrc. These points
were determined from {igure 2 snd other similar plots by
measuring the greatest rate of energy output required to
drive the contrcls at sny time during the selected
maneuver.

The data of figure 3 indicate thst up to 1% times
es large g power unit would have to be provided if no
acocunmulator were used as compared to the minimum power-
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unit rating required for indefinite maneuvering in
combination-with- a relatively small accumulator. In
this connection, it is believed that a combination con-
sisting of an extremely small power unit and a very large
accumulator would not be considered since this combination
would be satisfactory only for limited-durstion maneuvers
occurring at widely separated times. Probably the best
all-around combination would be one in which the power
unit is the smallest required for indefinite maneuvering
together with an accumulator of moderate size.

APPLICATICN TC SPECIFIC AIRPLANES AND DISCUSSION

In order to gain some 1dea of the sizes of power
units snd accumulators nscessary to supply 100 percent of
the energy required to move the contrels of airplanes of
various sizes with a rapidity equal to thst attained with
the fighter =airplane used in the selected maneuver, the
data of figure 3 and equation (1) have been applied with
appropriste dimensions to four airplanes covering the
range of size of present interest. These calculations
were mede for the minimum-size booster combinations
reqguired for continuous maneuvering. Several asswintions
spnly to the results, which are shown in table I, as
follows:

(1) All control surfaces are assumed to have no
aerodynamic balespce. This esswmpiicn lesds to spproxi=-
. Ch oCh
mate values of === -0.01 r degree and of
{ ST of G10 pe gr o o

of ~04003 per degree for surfaces of usuel dimensions.

(2) All alrplasmnes are assumed to have a degree of

€ = 1.0.
ag
This sssumption leads to a value of K for the elevator
of 04007 ver degreec.

stick~fixed longitudinal stability such that

(3) All maneuvers are accomplished with zero sideslip
sngle, This assumption results in a value of K for the
rudder of 0,010 per degree.

() The effect of chenge in angle of attack over the
allerons on aileron hinge moments during rolling is neg-
lecteds This assumption results in a valuve of K for the
ailerons of 0.010 per degree.
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(5) The indicated alrspeed is constant at 175 miles
per hour. This condition was very nesrly the case in
the selected maneuver of the fighter airplane.

(6) All transfers of energy in the control-booster
system are sccomplished at 100-percent efficlency for
purposes of this analysis.

Some of the foregoing assumptlions are related
directly tc certain bassic control-booster considersations,
some of which are discussed in the following peragraphs.

In practice some asrodynsmic balance would vrobably
be used on control surfaces as a means of reducling the
size and weight of the booster. In these cases, the
booster reguirements would be expected to vary inversely
with the degree of szerodynemic balance employed (as
exnressed by the factor K in eguation (1)); however,
the powsr required to overcome control-system inertla
in order to obtein the desirsd quickness of response
will probsbly detsrmine the minimum size of booster that
can be used when the controls are closely balanced aero=
dynamicaily. No account was teken of control-systen
inertia in the 1llustrztive calculations, the results
of which are given in table I.

TRVY

Although the illustrative calculations for booster
size were made for only one speed, the booster power
required is undoubtedly dependent on the speed of flight.
Consider, for instsnce, the control-power requirements
for a fighter sirplane in a particulerly violent type
of evasive maneuver. Assume that a pilot rolls an air-
plsne from 90° bank in one direction to 909 bhank in the
other direction by use of full aileron control and suf-
ficient rudder deflection to mazintsin zero sideslip st
all times; assume 2lsc that the elevator control is used
to nroduce the pilots' 1limit load factor when the air-
plsne is banked 900 and lg normal acceleratlion at the
instant the sirplsne passes through lsterslly level flight.
winally, assume the masneuver is repeabted continuously
“(without pauss when the plane reaches 90° bank in either
direction). Under thece conditions, the power necessary
to move the ailerons should vary approximstely as the
cube of the indicated sirspesd, that necessery to move
the rudder as the first power of the indicated airspeed,
and that necesssry to move the elevator as the inverse
of the indicsted airspced (at constant altitude). This
analysis neglects, of course, the pessible adverse effects
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of compressibility on the control forces of airplanes
flown in the critical- -speed region. Although the use of
a booster might considerably alleviate control problems
at extreme speeds, no attempt to analyze quantitatively
the requirements of a booster system in this regard seems
poss sible until more co omplete data on the aerodvnamlc
effects are available,

The effect cof airplane sSize, as related to the rate
of response to control deflection, must also be con-
sidered in any accurate snalysis of booster requirements.
For purposes of the illustrative calculations, all the
airplanes wsre assumed to be subjected to the sasme vari-
ation in control motion with time. The shortcoming of
this assumption can be shown by & simple analysis. FTor
example, suppose a very lsrge sirplane, such as sgir-
plsne D of table I, were to verform the evasion maneuver
suggested sbove. If the rolling effectiveness of the
ailesrons were the same (in tsrms of wing-tip helix angle
produced by full aileron deflection) ss for the fighter
indicated in tabls I (sirplsne A), biie frequsncy of control
motions for the large airvlane would be reduced to about
one~tenth the frequency of the conppol motions for the
fighter because the length of time to roll to 90° would
vary spproximately as the ratio of the wing spans. The
relative ccntrol powver reguired would be reduced the same
smount due to the slower response of the lerger airplane.
Obwviously, then, it is not logiczl to assume that control-
pover requirements Tfor airplanes of all sizes and types
can be determined from any specific variation of control
motion with time, or for that matter, from any specific
tyne of spatial maneuvsr; for, whereas fighter airplanes
encounter most violent mansuve Plng conditions in combat,
very large sirplanes may encounter mosgt violsnt meneuverlng
conditions while flying through gusty eir.

The preceding considerstions serve to outline soms
of the major Cactors affscting booster reguirements that
could not be handled at the present time due to scarcity
of appropriate flight data. It appears that extensive
flight tests of various types of airplenes must be carried
out if sn accurate predefepmlnatlon of the control-booster
requiremsnts of eny projected design is to be made. Such
tests would best be conducted with structurally sound
airplanss equipped with OVCPlJ lzrge control boosters in
order that the desired degrse of maneuverablllty could
always bs achileved.
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From the foregoing discussion the results obtained
frem the illustrative calculations for booster sizes
(see table I) aprarently cannot be regarded as sccurite
quantitative results. For ths larger eirplanes, particu=
larly airplanes C and D, the estimates are liable to be
in considerable error.

CONCLUDING REIMARXS

An analysis of booster requirements presented heas
served to provide rough estimates of the sizes of boosters
necessary for the continucus rapid maneuvering of ailr-
planes of various =sizes. Recause a specific varistion
of control motion with time, taken from data obtalinsd
with a fighter airvlsne in mock combsast, was gpplied to
airplanes of different sizes and functional types, the
results obtalined sre tc be regarded as only rough indi-
cations of the power reguirements. A further limitaticn
of the calculations is that the variation in required
control=boocster power with spesed of flight could not be
taken into sccount although a theorsticsl analysis indi-
cates speed of flight is one of the primsry determinants
of the required control-booster sizs. For a more accurate
determinetion of control-booster requirements 1t sappears
that extensive flight tests must be mads for airplanes
of different silzes and functional types in crder to
determine the maneuvering conditions that sare most
critical with regard to the power required to operate
contrcls.

Langley Memorial Aercnauticsesl Laboratory
Netional Advisory Committee for Aerconautics
Lengley Field, Va.




TABLE I

APPROXIMATE SPECIFICATIONS OF BOOSTER SYSTEMS REQUIRED FOR THE CONTINUOUS RAPID MANEUVERING

OF AIRPLANES OF VARIOUS SIZES HAVING AERODYNAMICALLY UNBALANCED CONTROLS

ASSUMING 100-PERCENT BOOSTER EFFICIENCY

Allerons Rudder Elevator All controls:

Peak Peak Peak fPeak

- _| power - _| power . _| power - .| power
1o | ning|Ming| ormea{ POIEE | AU Somuna | Oner- | M| Somtna | Fomenr | scumel SOl | Porer- | Mesamne B,
Alr- span iarea 5:? 4| rating |capacity r gro; rating | capacity| © gm;e rating | capacity regu red| rating | capacity rqgu re
pleng (ry) gg) (lglr)l reguired| required accumu- | Toquired required accumu~| Tequired required rom required| required ic:\(::u-

hp) | (ft-1b)| %3 hp) | (ft-1b) (hp) | (ft-1b)| O3SWM=|  (hp) | (ft-1b)

ator lator lator -lator

(hp) (hp) (hp) (hp)

A 34 | 223 7,850} 0,017 16.8 0.103 0.03 L6.7 0.152 0.016 27.8 0.207 0.057 51.4 0.462
B 65 | 602{28,500( 0.081 78.5 Q.491 0.111 215.0 0.702 0.102 179.2 1,320 0.295 L72.7 2.513
¢ | 149 | 2,780|70,700 0.45 430 2.72 0.60 1,152 3.80 1,01 1,768 13.07 2.05 3,350 19,59
D | 320 [1L,500(300,000 3.39 3,280 20455 7.55 14,580 47.8 9,31 16,320 | 120.5 20.25 34,180 | 188.8
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Figure 1, Time history of typical alrplane and control motion of highly maneuverable

fighter airplane in simulated combat,
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Figure 2,~- Time record of the growth in energy factor required to move alleron control
durling maneuver shown in figure 1, assuming linear variation of aileron hinge
moment with deflection from trim,
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